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Abstract
In this paper, new results of plasma -proﬁle and  control on TCV, using total plasma current Ip, and ECCD (Electron
Cyclotron heating and Current Drive) heating source have been discussed. The control model is governed by the
resistive diﬀusion equation coupled with the thermal transport equation, written in PCH (Port-Controlled Hamiltonian)
formulation. The IDA-PBC (Interconnection and Damping Assignment - Passivity based Control) controller is developed
and tested on simulation as well as on TCV real plant. Two test scenarios are considered:  control only, and  and 
control. The spatial distributions of ECCD proﬁles are pre-deﬁned and only input powers are used for control design.
Thus, a stationary control is deﬁned in order to consider all non-linearity and actuator constraint, and a linear feedback
IDA-PBC will ensure the convergence speed and the robustness of the closed-loop system. The obtained results are
encouraging towards using routinely such plasma advanced control algorithm in a near future.
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1. Introduction
The control of plasma current density proﬁle or -proﬁle
and  (a measure of the temperature) is a key issue to
achieve advanced plasma scenarios with high repeatability.
The 1D resistive diﬀusion equation of the magnetic ﬂux
[2, Chap.6] is commonly used for the plasma current pro-
ﬁle control, such as model predictive control [6]; optimal
tracking problem [8]; passivity using Lyapunov approach
[1], or sliding mode [4], etc. Among these control strate-
gies, the IDA-PBC (Interconnection and Damping Assign-
ment - Passivity based Control) based on PCH (Port-
Controlled Hamiltonian) tokamak system is a promising
method which has been originally developed for WEST
[10]. The extended model that includes MHD couplings
as well as thermal diﬀusion for a better plasma current
proﬁle control is also studied in [11] with the application
to TCV.
The purpose of this paper is to discuss about new simu-
lation and experimental results of the IDA-PBC controller
on TCV. The developed controller allows to stabilize -
proﬁle and  around the desired references by three ac-
tions: plasma total current Ip, distributed non inductive
current-drive Jext and external heating source Sheat.
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Two scenarios are considered in TCV experiments. The
ﬁrst one is  control only case where only resistive diﬀusion
equation is used with two control actions Ip and Jext, Sheat
is pre-deﬁned by the plasma scenario. In the second one,
non-linear MHD couplings and thermal-electromagnetic
model are investigated, the control law thus includes the
total heating power Sheat.
The main idea of IDA-PBC is recalled in the next sec-
tion. In Section 3 the controlled plant is described, as well
as the governing equations for the resistive diﬀusion and
the thermal diﬀusion problems written in PCH formula-
tion. In Section 4, the control issues of the considered
system are presented, a control strategy is proposed to
overcome these problems. Simulation results using RAP-
TOR code [3] for the TCV conﬁguration are presented in
Section 5. Based on these previous simulation tests, the
IDA-PBC controller has been implemented and tested on
the TCV real-time control system. Preliminary results are
showed in Section 6. The paper ends with some conclu-
sions and prospects for the future works.
2. IDA-PBC closed-loop control for PCH systems
The IDA-PBC control design [7] may be considered
the most general method among Passivity Based Control
(PBC) designs for PCH systems. A brief theorem of IDA-
PBC methodology is given hereafter.
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Theorem. If it exists a static IDA-PBC feedback uIDA (x)
which transforms a canonical PCH system into a desired
one:
_x = [J (x) R(x)] @H
@x
(x) + g (x)u (t)
uIDA   ! _x = [Jd(x) Rd(x)]
@Hd
@x
(x)
(2.1)
then the closed-loop system is stable (locally) at xd =
argminHd (x). The feedback control can be derived from
the matching equation:
[J (x) R(x)] @H
@x
(x) + g (x)uIDA (x)
= [Jd (x) Rd (x)] @Hd
@x
(x)
(2.2)
where x 2 Rn the energy state variables, u; y 2 Rm the
input - output variables; H Hamiltonian function (total
energy); J =  J T 2 Rnn skew interconnection matrix,
g 2 Rnm control matrix, and R = RT 2 Rnn+ dissipation
matrix; Jd =  J Td ; Rd = RTd desired parameters, and
Hd (x) desired total energy.
The feedback control law will be derived simultane-
ously with an appropriate choice of the tuning parameters
Jd; Rd and Hd. The readers can refer to [7] or [10] for the
discussion of matching equation solutions.
3. Controlled plant description
The simpliﬁed tokamak plasma model (ﬁgure 3.1) is
a multi-physics system governed by Maxwell’s equations
in the electromagnetic domain, as well as energy balance
equations in the material domain. The considered system
is assumed quasi-static equilibrium [2, Chap. 6]. There-
fore, only the thermodynamics associated with heat trans-
port equation is presented in the material domain. Two
strong couplings between electromagnetic and thermal do-
mains are Lorentz force and Joule eﬀect. The couplings in
the resistivity , in the thermal diﬀusion coeﬃcient  as
well as in the bootstrap current Jbs are all considered.
Figure 3.1 also presents diﬀerent actuators in each do-
main for plasma heating: ohmic heating by inductive cur-
rent at the plasma edge Ip, non-inductive current drive
Jext and heat ﬂow Sheat. The mass injection is used to
control the plasma density by an independent system and
is not considered.
The control objective is to reach a predeﬁned  proﬁle
and  using Ip; Jext and Sheat.
3.1. Resistive diﬀusion control model
The so-called resistive diﬀusion equation [2, Chap.6] has
been widely used for the plasma current density proﬁle
control, or -proﬁle control. An equivalent model in PCH
Figure 3.1: Multi-physics tokamak system
formulation was developed in our previous work[10]. Gen-
erally, this model is derived from Maxwell’s equations in
the normalized 1D coordinate z = /max 2 [0; 1]:

@td
@tb

= [JEM  REM ()]

@dHEM
@bHEM

+
  Jext   Jbs
J4Ip

HEM = 12

dTGeld+ bTGmgb

(3.1)
The bold variables d; b, Jbs and Jext stand for the time-
varying coeﬃcients of respectively the electric ﬁeld, the
magnetic ﬁeld, the bootstrap current density and the ex-
ternal current source density. The interconnection matrix
JEM =  J TEM is obtained from the discretization (and
reduction) of the spatial derivation @z in the approxima-
tion bases; J4 relates to the boundary eﬀect. The dissipa-
tion matrix REM is computed from the resistivity  (z; t).
The electromagnetic energy HEM is deﬁned as a quadratic
function, where Gel and Gmg are symmetric positive and
represent, respectively, the electric permittivity 0 and the
magnetic permeability 0.
3.2. Coupled control system
The inﬂuence of temperature T on certain parameters in
electromagnetic domain, such as the resistivity  (T ) and
the bootstrap current Jbt (@zT ), is not negligible. There-
fore, a coupled control model including the resistive diﬀu-
sion and the thermal diﬀusion, was investigated in [11]:
0B@ @td@tb@teex
0
1CA = (J  R)
0B@ @dHEM@bHEM@eexHT
fq
1CA+
0B@  Jext   JbsJ4IpSheat
0
1CA (3.2)
where J =
 JEM 0
0 JT

; R =
"
REM

1


0
0 RT ()
#
;
@teex; fq and Sheat are the time-varying coeﬃcients of re-
spectively the entropy, the heat ﬂux and the external heat-
ing source; JT =  J TT is similar to JEM , RT = RTT  0
is derived from the thermal diﬀusion coeﬃcient , and HT
is the thermal energy.
The MHD couplings - including the terms
Jbs (b; T; @zT ),  (T ) ; and  (@zT; b) are estimated
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by the empirical analytic expressions given in [9]:8><>:
 (T ) = C (b)T 3/2
 (@zT; b) = C (b) @zT
Jbs = Cbs (1/b)Sheat
(3.3)
where C, C , and Cbs are the coeﬃcients depending on
the system state.
Remark: Due to the diﬀerent orders of magnitude be-
tween T and b and the diﬀerent timescales in plasma dy-
namics between heat diﬀusion ( 10 3s) and magnetic
ﬁeld radial diﬀusion ( 10 1s), the temperature can be
considered as a static steady-state for the coupling calcu-
lation.
4. Control issues and strategy
Challenges in tokamak control arise not only from the
PDE resolution and the non-linear MHD couplings, usu-
ally badly estimated, but also from the technological con-
straints of the actuators. In the considered facility, two
ECCD clusters (co-current and counter-current) gener-
ate both non-inductive current Jext and external heating
source Sheat. In practice, these distributed control sig-
nals have pre-deﬁned deposition proﬁles (fA; fB for cur-
rent drive and fheat for heating source). The controllable
inputs are indeed the two input powers PA and PB . We
assume in this work that the two clusters deposit heat in
the same location, which allows to approximate Sheat by
the sum of PA and PB :(
Jext = fA (z; t)PA + fB (z; t)PB
Sheat = fheat (z; t)Pheat  fheat (z; t) (PA + PB)
(4.1)
The proposed controller in ﬁgure 4.1 ﬁrst derives a sta-
tionary feedforward control from the given references, by
non-linearly inverting the plasma PCH models in (3.1) or
(3.2). The stationary control allows to take into account
both system non-linearity and control deposition proﬁle
constraint. A linear IDA-PBC is used to improve the con-
vergence speed of the closed-loop system. Computation
details are referred to [10] and [11].
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Figure 4.1: The proposed control strategy
5. Test scenarios and simulation results
In the sequel, the -proﬁle and  controls using PCH
model and IDA-PBC method are tested with RAPTOR
oﬄine code [3] developed for TCV. Two test cases are con-
sidered:
• -proﬁle control only case: only the resistive diﬀusion
equation (3.1) is considered, thus two actuators Ip and
Pext are included in the control law; Sheat is given. In
this case, we aim at two positions of -proﬁle z =
[0:1; 0:5].
• -proﬁle and  control case: the coupled control
model (3.2) is considered. All three actuators
(Ip; Pext; Pheat) are used in order to handle two  val-
ues (at z = [0:1; 0:5]) and .
Figure 5.1 shows very good simulation results for both test
cases. It is obvious that the controller doesn’t respect the
 reference in the ﬁrst case (ﬁgure 5.1.a) since the thermal
model isn’t included. Otherwise, the controller can handle
both  and  in the second test case (ﬁgure 5.1.b).
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Figure 5.1: IDA-PBC control for case 1 (a) and case 2 (b)
6. Real-time experimental result
The developed IDA-PBC controller was tested in the
EUROfusion MST-1 campaign. RAPTOR real-time code
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is used as observer in the TCV real-time control system
(ﬁgure 6.1).
Figure 6.1: RAPTOR observer and real-time controller in Tokamak sys-
tem (cf.[5])
In this occasion, we could only have one shot for the
ﬁrst test case:  control only (ﬁgure 6.2). The controller
was switched on on t = [0:7s; 1:5s]. Unfortunately, the
Ip control was not available for this shot. We could only
regulate PA and PB , hence we aimed to control the 
proﬁle only at the position z = 0:1. Notice that PA +
PB was given in this test case. The experiment showed a
pretty good result at the considered  value. An integrator
[11] was also used in order to approach the other  values
to the references.
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Figure 6.2: Experimental data and controller behavior (on t =
[0:7s; 1:5s]) of shot 53108 for  control
7. Conclusion
The paper presents new results of IDA -PBC design for
-proﬁle and  control, applied to TCV. A control strategy
is deﬁned, which combines a non-linear stationary feedfor-
ward term, based on PCH tokamak model, in order to
overcome the system non-linearity and the actuator depo-
sition proﬁle constraint; and a linear IDA-PBC feedback
term to improve the convergence speed and the robustness.
The controller has been successfully tested on RAPTOR
simulation and it got a very ﬁrst result in TCV experi-
ments. Nevertheless, the control law needs to be improved
and tested more on real-time tokamak systems for a rou-
tine use in the future.
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